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In this letter, the authors present experimental evidence of electron trapping in radio-frequency rf
atmospheric-pressure glow discharges. By linking electron density to nanosecond plasma images
and optical emission spectroscopy, they show that electron trapping occurs under most discharge
conditions. The level of electron trapping increases with increasing discharge current or/and
increasing excitation frequency, and manifests itself in the change of the differential conductivity at
the point of the gas breakdown. Finally, they demonstrate that electron trapping is largely related to
whether the half rf period is shorter than the electron transition time across the electrode gap.
© 2007 American Institute of Physics. DOI: 10.1063/1.2425045
Large-volume glow discharges generated at atmospheric
pressure represent one of the most important topics in plasma
physics, since they offer a unique chamberless route to ma-
terial processing.1 Commonly known as atmospheric-
pressure glow discharges APGDs, a vast majority of their
studies over the past 20 years has been focused on their ap-
plications including nanoscience,2 medicine,3,4 space
exploration,5 and display technologies.6 Lagging much be-
hind are fundamental studies that are yet to enable a coherent
understanding of APGD physics and chemistry. At radio fre-
quencies rfs of 1–60 MHz, this has been partly addressed
through a series of recent experimental7–9 and computational
studies.10–12 For example, electron trapping has been pro-
posed theoretically as a primary mechanism for generating rf
APGD.10,11 Compared to the half rf period, the electron tran-
sition time across the electrode gap is considered to be long
and hence most electrons could be trapped in the electrode
gap by the fast oscillating rf voltage. This would allow the
balance between electron creation and loss to be achieved at
a comparatively low rf voltage, thus suppressing the
glow-to-arc transition. While electron trapping is plausible as
a possible mechanism for generating rf APGD, it remains a
theoretical prediction and its validity has not so far been
supported with experimental evidence. In this letter, we
present an experimental study of electron trapping phenom-
ena in rf APGD.
Our rf APGD system employed two parallel stainless-
steel electrodes, one being a round disk of 2 cm in diameter
and the other being a rectangular plate of 48 cm2. Hence,
the electrode surface area was 3.1 cm2. The two electrodes
were naked without any dielectric barriers, and their separa-
tion distance was fixed at 0.24 cm. The electrode unit was
housed within a Perspex box fed with a through helium flow
at 5 slm standard liters per minute. The Perspex box was
not air tight, and so oxygen and nitrogen were present. A rf
power amplifier Amplifier Research 150A100B and a func-
tion generator were used to deliver a rf voltage at 1–10 MHz
to the electrode unit via a homemade matching network. Cur-
rent and voltage were measured by a wideband current probe
Tektronix P6021, a wideband voltage probe Tektronix
P6015A, and a digital oscilloscope Tektronix TDS 5054B.
Plasma images were taken with an intensified charge-
coupled device iCCD camera Andor i-Star DH720 and a
pulse generator for triggering the iCCD. Optical emission
spectrum was measured using a spectrometer system Andor
Shamrock with a focal length of 0.3 m and a grating of
600 grooves/mm.
For all our experiments, the discharge current was sinu-
soidal with one positive peak and one negative peak in each
rf cycle of the applied voltage.7 Figure 1 shows the current-
voltage characteristics at five different frequencies from pre-
breakdown indicated with dotted lines, through glow dis-
charge indicated with markers, to the point immediately
before plasma constriction or arcing as the last point on each
curve. The prebreakdown sections of all curves go through
the origin in straight lines. At 10 MHz, the transition from
the prebreakdown regime to the discharge regime is marked
with a step change in the slope of the voltage-current curve,
signifying a step change in the differential conductivity of
the discharge plasma. This is similar to reported observations
of most rf APGD generated typically at 13.56 MHz.7–9,13 For
future reference, we refer this transition point to as the break-
down point. In the cases of 5 and 7 MHz, a similar but
smaller step change is evident at the breakdown point. As the
excitation frequency reduces below 4 MHz, the step change
becomes negligible as shown in Fig. 1. This invariance from
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FIG. 1. Current-voltage characteristics from prebreakdown dotted lines,
through glow modes markers, to plasma constriction immediately after
the last point of each curve.
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the prebreakdown to the discharge regimes has not been re-
ported before and is characteristic in APGD at low radio
frequencies 4 MHz. Therefore, the current-voltage char-
acteristics in rf APGD manifest themselves differently at dif-
ferent frequencies.
To interpret the observations in Fig. 1, we model the rf
APGD using an equivalent circuit consisting of a capacitor
and a series resistor.14 The capacitor of capacitance Cs mod-
els the electron-depleted sheath region, whereas the resistor
of resistance Rp models the quasineutral region of the bulk
plasma. Therefore, the equivalent impedance of the gas gap
is Zg=Rp− j /Cs with =2f being the angular excitation
frequency. In the prebreakdown regime, the impedance be-
comes Zg= j /Cg with Cg being the capacitance of the
unionized gas gap. If most electrons generated in the dis-
charge regime can easily reach the electrodes during one half
rf period, rf, their presence in the gas gap is short lived and
is unlikely to increase significantly the average electrical
conductivity of the gas gap. As a result, Zg−j /Cg and the
electrical characters of the gas gap remain similar to those in
the prebreakdown regime. Assuming an electric field of
500 V/0.24 cm at the breakdown point for the 2 MHz case
and an electron mobility of 1132 cm2 V−1 s−1, the electron
transition time across the electrode gap of 0.24 cm is found
to be e=102 ns. This is significantly below rf=250 ns at
2 MHz, suggesting that most generated electrons can easily
reach the electrodes during one half of the rf cycle. Electron
trapping is therefore temporary and the gas impedance is
approximately Zg−j /Cg. This may be responsible for the
invariance in the differential conductivity in the 2 MHz case
in Fig. 1. As the frequency increases to 3 MHz, our calcula-
tion shows that rf=166 ns and e=134 ns at the breakdown
point, much closer to each other than those at 2 MHz. As
erf, many generated electrons can still reach the elec-
trodes and the gas gap can retain its electrical conductivity in
the prebreakdown regime. Again, this explains why the slope
of the voltage-current curve changes little at 3 MHz. Raising
the frequency to 5 MHz, we find that e=195 ns is now
larger than rf=100 ns. This suggests that many electrons can
no longer reach the electrodes during one half-period and
will be trapped in the electrode gap. Further frequency incre-
ment leads to e becoming increasingly larger than rf and so
a greater level of electron trapping. If sufficient electrons are
trapped, they will increase the electrical conductivity of the
gas gap and change the slope of the voltage-current curves as
in the cases of 5, 7, and 10 MHz. In other words, a step
change in the slope of the voltage-current curve is indicative
of electron trapping. Figure 1 suggests a progressively in-
creasing level of electron trapping with increasing frequency.
The voltage-current phase shift at the breakdown point was
found experimentally to decrease almost linearly from 89° to
77° as the frequency was increased from 2 to 10 MHz. This
is a result of more electrons being trapped in the gas gap thus
making the gas gap more conductive.
To further support the above argument of electron trap-
ping, it is most logical to measure the electron density. For rf
APGD in helium, the electron density is below 1012 cm−3
typically10–12 for which the Stark broadening technique is
inadequate. Langmuir probes are also inappropriate for at-
mospheric plasmas. These highlight the current lack of suit-
able techniques for measuring the electron density of APGD.
As an alternative, we studied possible optical signatures of
electrons. In Fig. 2a, five plasma images with an exposure
time of 10 ns are shown for the 10 MHz case at
Irms=70.0 mA. They are periodic at the driving frequency
with the brighter images at T /4 and 3T /4 taken at the dis-
charge current peaks. Their spatial profile is bell-like, spread-
ing over the electrode gap and indicating a volumetric dis-
charge. This suggests that the excited plasma species are
produced volumetrically and are most numerous in the gap
center. When the discharge current is doubled to Irms
=140.5 mA, the discharge dynamics remain periodic at
10 MHz but the plasma structure changes to a double-
humped profile as shown in Fig. 2b. The optical emission is
no longer volumetric but localized near the electrodes. At
T /4, a bright thin layer is evident near the top electrode and
it reappears near the bottom electrode at 3T /4. This bright
thin layer is likely to be the negative glow, formed by a
localized concentration of excited plasma species which in
turn are generated by energetic electrons. These spatial pro-
files are more clearly shown in Fig. 3 as a function of the
interelectrode position. As the current increases, the spatial
profile of optical emission evolves from a bell-like shape to a
double-humped shape. As electrons are largely responsible
for generating excited plasma species, Fig. 3 suggests that
energetic electrons are also trapped and their trapping en-
hances with increasing current. Since optical emission re-
mains visible in all images in Fig. 2, electron trapping is
permanent. Also as Irms increased from 70.0 to 140.5 mA,
the voltage-current phase shift in Figs. 2 and 3 was found to
decrease from 77° to 73° indicating a more conductive gas
gap and hence more trapped electrons at the large current.
Therefore with a large discharge current, the level of electron
trapping is likely to be greater and the trapped electrons are
likely to be more energetic. In turn, the energetic trapped
electrons enhance gas ionization and lead to much brighter
FIG. 2. Color online Nanosecond images of a 10 MHz rf APGD over one
complete rf cycle and at a 70.0 mA and b 140.5 mA.
FIG. 3. Spatial profile of the total optical emission at 10 mHz across the
electrode gap at a 70.0 mA and b 140.5 mA. The power electrode was
located at x=0.0 mm.
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optical emission at larger currents. It is also worth noting the
small hump near x=0 mm, which is a dc bias.
The link of nanosecond plasma images to energetic elec-
trons can be further supported by optical emission spectros-
copy. For all experiments reported here, the most intense
emission is from the helium line at 706 nm and the nitrogen
line at 391 nm data not shown. The helium line at 706 nm
indicates the presence of either energetic electrons or He2
+
ions and low energy electrons.15 The 391 nm emission line is
known to be resulted from N2
+ B 2u
+
, vb=0 transition to N2
+
X 2u
+
, vx=0, and contains signatures of helium metastables
and He2
+ ions.15 As the most numerous ionic species are He2
+
ions in helium rf APGD,11,16 the combination of the 706 nm
line and the 391 nm line is an excellent indicator of the en-
ergetic electrons and the most significant ions. Therefore, the
spatial profile of optical emission in Fig. 3 is likely to mirror
that of energetic electrons. Consequently, the bell-like profile
at Irms=70.0 mA suggests volumetric trapping of energetic
electrons across the electrode gap whereas the double-
humped profile at Irms=140.5 mA suggests localized trap-
ping of energetic electrons near the electrodes.
To relate to the original theoretical prediction, we per-
formed one-dimensional simulation of the 10 MHz APGD
using a fluid model.11,12 Figure 4 shows the spatial-temporal
profile of the product of the electron density and the mean
electron energy as a measure of energetic electrons. In a
broad term, these profiles match well those in Fig. 3. The
density-energy product at the large current density is larger
than that at the small current density, consistent with that the
optical emission was much more intense at 140.5 mA than at
70.0 mA data not shown. This comparison confirms that
electron trapping does occur in rf APGD and their level in-
creases progressively with increasing discharge current.
At lower excitation frequencies, electron trapping was
found to be weaker. Figure 5 shows a sequence of five
plasma images of the 3 MHz APGD of Fig. 1 again with an
exposure time of 10 ns. They were taken at Irms=36.1 mA,
corresponding to the point immediately before arcing in Fig.
1 and representing the maximum level of electron trapping at
3 MHz. It is clear that electron trapping has a bell-like pro-
file similar to that in Fig. 2a, suggesting a low level of
electron trapping even though the discharge current is the
largest before arcing. Its bell-like profile is sustained over a
narrow central region of the electrode gap and as such is less
significant than that in the 10 MHz case.
In summary, we have presented experimental evidence
of electron trapping in rf APGD. By linking electron density
to nanosecond plasma images and optical emission at 391
and 706 nm, electron trapping has been shown to persist at
1–10 MHz. It has also been demonstrated that electron trap-
ping enhances with increasing discharge current or/and in-
creasing excitation frequency. In terms of its frequency de-
pendence, the level of electron trapping has been found to
manifest itself in the change of the differential conductivity
at the breakdown point. Finally, the main reason for electron
trapping has been shown to be related to whether erf.
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FIG. 4. Spatial temporal profiles of the product of the electron density and
the mean electron energy at a 10 mA/cm2 and b 50 mA/cm2.
FIG. 5. Color online Nanosecond images of a 3 MHz rf APGD over one
complete rf cycle and at 36.1 mA.
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